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SUMMARY OF CONVERSION FACTORS (U.S.

AND PREFIXES

to Metric Units)

To convert from To Multiply by
mils millimeters 0.0254
inches centimeters 2.54
feet meters 0.3048
miles kilometers 1.6093
square inches sqguare centimeters 6.4516
square feet square meters 0.0929
cubic inches cubic centimeters 16.38706
cubic feet cubic meters 0.0283
gallons (U.S.) liters 3.785
ounces grams 28.349
pounds kilograms 0.454
pounds per square newtons per square 0.6894757
inch, psi centimeter

pounds per cubic kilograms per cubic 27,679.90
inch centimeter

pounds per sguare newtons per sgquare 47.88026
foot meter

inches per second centimeters per second 2.54

Fahrenheit degrees Celsius degrees or 5/9

Kelvins?@
kilotcns terajoules (lO12 Joules) 4.183

3To obtain Celsius (C) temperature readings from Fahrenheit
(F) readings, use C = (5/9) (F - 32}.

readings, use K =

To obtain Kelvin (K)

(5/9) (F - 32) + 273.15.

1pPa=1
1 Bar = 10° Pa = 14.5 psi
l psi = 6.9 RPa
1l g = Acceleration of gravity = 32 F/S? = 9.8 m/s?
PREFIXES: G = 10° = giga = 10° = mega
K = 10° = kilo = 107% = centi
u = 10"% = micro = 10"? = nano




SECTION I
INTRODUCTICN AND SUMMARY

During 1978 and 1979, Systems, Science and Software
(83), under contract to the Defense Nuclear Agency (DNA),

pursued the analysis, development and testing of several

instrument concepts. Our objective was improved measurement
systems for underground nuclear tests in cavities and high

explosive (HE) cratering experiments.

In Section 2, we describe continued efforts to develop
an instrumented drag sphere to measure dynamic pressure in
the supersonic flow of an airblast. The HE driven shock tubes
used to test the spheres were significantly improved. By the
use of a complex internal structure, shock induced oscillations
of the sphere can be partially damped and hence the internal

accelerometer is not overranged or driven into its resonance.

In Section 3 we describe some new approaches to the
measurement of static, stagnation and reflected pressure in
a strong blast wave. Initial shock tube experiments identi-
fied a number of problems in the gauge designs. There are
several possible improvements that could be implemented in

the future to give field worthy instruments.

Section 4 is concerned with a technigue to measure
soll strength during a HE cratering shot. The objective
would be to detect changes in strength due to passage of the
ground shock but before significant cratering motion appears.
A series of small scale HE tests showed that a strength gauge
could be constructed and fielded in ground shock environments
of roughly 1000 g's (104 m/sz) acceleration and 5 to 10 MPa
(50 to 100 bar) peak stress. Additional work is needed to

establish the accuracy of the strength data and to refine

the design for field use.
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Finally, in Section 5 we consider improvements in a
thermal radiation sensor. Our objective was to find new
materials suitable for use in the instrument to simplify o
its construction and to establish ways to improve the re- E]
sponse time for thermal transients. !
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SECTION II
CONTINUED DEVELOPMENT OF A DYNAMIC PRESSURE SENSOR

2.1 INTRODUCTION

For supersonic flow in a strong airblast, the drag
force on a sphere, Fo, is directly proportional to the dynamic
pressure, 1/2 p; u;’, of the flow where p, is the density of
the gas behind the shock front and u; is the flow velocity.

In a previous report (Kratz, Coleman and Wilson, 1978)[11, we
discussed our initial efforts to develop an accelerometer-
instrumented sphere as a dynamic pressure gauge. While some
encouraging results were achieved, two problems were dominant.
First, our test bed for evaluating the spheres was inadequate
as a calibration facility, i.e., the true dynamic pressure of
the flow was poorly known. Second, the incidence of the shock
front on the sphere introduced severe oscillations of the
sphere; the acceleration due to the oscillations was compar-
able to that due to the drag force.

OQur work reported below made significant progress in
solving these problems. 1In Section 2.2 we describe the high
explosive (HE) driven shock tubes that now provide good
quality one-dimensional (1D) planar shocks. In the balance of
Section 2 we discuss several different internal designs for
the sphere which served to partially damp the shock induced
oscillations and to partially isolate the accelerometer from
the residual vibrations of the sphere.

2.2 IMPROVEMENTS IN THE TEST BED

The shock tubes (Figure 1) consisted of several meter
lengths of 0.305 m diameter "Burke" tube (a heavy cardboard
cylinder used for concrete construction forms) buried under
a meter or more of soil. At one end was an explosive charge
mounted on a heavy (12.7 mm thick) steel plate (to improve

confinement of the HE product gases). The other end was open

10

I3
b
3
9
H
¥
i

R B e
ST e o RPN




L

1" Concrete
Backfill

Around
HE and

Tube
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1 Meter <

of Soil

Figure 1.

-

Range
From HE

Det Line

’//,— 12.7mm Thick Steel Plate

- C4 Charge

[~ 9.7mm Copper Plate
(Tests 2, 3, 4)

J—1 of 5 Pin Probes (TOA)

4~ 305mm Dia. Burke Tube

<’ \\\:r’//TOA

1 of 2
Static
Side~Wall
Bar Gauges

Schematic plan view of shock tube test bed.

L\ Sphere Under Test
1l of 2

TOA

[ ToA

| _— Air at Ambient

11

o

- e e e
caviiol L RN L

— : -
AR N s il e el T

R P T TS RO




to the atmosphere. For our previous work, we used small
amounts of explosive (0.045 to 0.089 kilograms); we observed
significant deceleration of the shock front and decay of the
peak static pressure as the shock propaged along the tube:

« « £0-8
0.8

Pmax = X (1)

where X is the shock front position at time t and Pmax is the
peak static pressure. This behavior is more nearly character-
istic of a blast front due to a delta-function deposition of
energy by the HE rather than of a shock tube driven by a con-
stant power input. In the latter case, the shock velocity,
static pressure and dynamic pressure are all constant. Since
there are no suitable reference transducers for dynamic pres-
sure, we must rely on static pressure measurements (from gauges

along the tube walls) and the usual strong shock relations

= 2_0 P_P
Py =1/2 pju = (_l ) 1) (Ps - 0)

o (2)
(PD = dynamic pressure
PS = static pressure
PO = ambient pressure
0y = ambient density of air)

to derive the actual dynamic pressure experienced by the

spheres under test. Thus our objective was to achieve a
behavior more like that of a conventional shock tube driven

by a reservior of high pressure gas. To that end, we increased
the quantity of explosive to over 17 kg and improved the lateral
and back end confinement of the HE.

For the four shots conducted on this project, we used
PZT pin probes at five positions along the tube to establish
the shock front motion, and two bar gauges (Blackstock, Feeney
and Kratz, 1956) (2] yitn quartz crystal sensors in the side walls

12
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to monitor the static pressure profile. Table 1 summarizes |

% the results from these tests and Figures 2 through 5 show the

bar gauge records. The C4 charges were 12 inches in diameter, d

6 to 9 inches long, and detonated at a single point on the
back surface of the cylindrical charge. The shock times of
arrival over the distance range 1 to 4 meters (3 to 5.5 m for
test 4) were fitted very well by a power law relation. From
this relation for each test, we derived the shock velocity

(v5 mm/us for test 1 and ~3 mm/u~ for tests 2,3 and 4). Then

- e e oo
e s M e WA w

with the usual relations for strong shocks and the ambient air

e sl

density for each test, we calculated the static and dynamic

b Vo

pressures at the shock front. Table 1 compares the calculated

static pressures with the values given by the bar gauges.

- .

© T vy
VTS VWS- TV O

Within the uncertainties in the data, there is good agreement.*

The first test gave a reasonably uniform shock but the
peak pressures (V250 bars static and over 1 kbar dynamic) were
several times larger than desired. Thus for the subsequent
tests, we placed a 9.7 mm thick copper plate in contact with ﬁ
the front surface of the HE to reduce the shock strength. )
Using the Gurney relations (Gurney, 1943[3] and Kennedy, 1973[4] !
we predicted a velocity of about 2.5 mm/us for the copper
plate. This should also be the particle velocity behind the
shock front; the associated shock velocity is 2.9 mm/us and
the expected static pressure is about 85 bars. We estimate
that within the first 90 mm of its motion (an interval of

about 40 ys), the plate was accelerated to within 95% of its

expected final velocity.

The bar gauge records merit some consideration. For
the first three tests, the 6.35 mm diameter steel bars were '
152.4 mm long (input bar) corresponding to an acoustic delay

*We note that the arrival times are quite consistent with a
constant shock velocity. This implies a constant shock front
pressure which is also consistent (within experimental un-
certainties) with the pressure measurements.
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of 31 us and 228.6 mm long (dump bar) which gives a useful
pressure measuring time of 93 us after shock arrival. For
the fourth test, the gauges had 254 mm long dump bars, giving
measuring times of 124 pys. The initial ringing in the signal
after shock arrival was due to the response of the bar to the
sharp shock front (Coleman, 1979)[5]*.

On the first test, both gauges showed a factor of two -
decrease in pressure during the first hundred microseconds v
after shock arrival. The severe ringing after 30 us in the f?
gauge at 1.5 m (SB-1l) may have been associated with the arriv-
al of the contact surface and failure of the gauge. On the f
second test, the static pressure initially decayed behind the
shock front but then appeared to be increasing at the end of
the measuring interval. The cause of this increase is not I
clear. On the third test, the pressure remained fairly con-
stant after the shock passed; unfortunately the second gauge
at a range of 3.0 m failed preshot. For the fourth test, the
pressure also seemed to have been constant behind the shock;
the record for the first gauge (SB-1l at 3.0 m range) is not
reliable because of the long risetime at shock arrival and

the input bar reflection artifact which appeared after
590 us.

Overall, the relative constancy of shock velocity and i
peak static pressure are the best indications that the shock
tube performed well. In particular, we will use the strong
shock relations to estimate the magnitude and relative con-

stancy of the flow (i.e., dynamic pressure) behind the shock
front.

e

*For the second test, we had to rely on the backup FM tape
records (80 kHz nominal bandwidth) for the bar gauge data.
Thus the few microsecond ringing characteristic of the bar
is not evident.




2.3 SPHERE DEVELOPMENT

Our earlier work identified the accelerometer's response
to the blast-induced sphere oscillations as the major gauge
problem. OQur initial approach to that problem was to isolate
the accelerometer from the sphere. We fabricated steel "shells"
of outer radius 28.6 mm and inner radius 14.3 mm. Within the
inner volume the accelerometer was embedded in a vibration
attenuating medium. The total mass of the assembled sphere
was 0.66 kg. See Figure 6.

OQur first choice for that medium was RTV rubber, Dow
Corning 3120 with catalyst S. This selection was based cn the
relatively high density (l.Sg/cm3), modulus, and strength
(v40 bars in tension) of the RTV. 1In particular we were con-
cerned that the accelerometer (an Endevco model 2264A-50KR
with a mass of 1.5 grams, average density of v3.4 g/cm3 and
Vvl cm2 base area) not move relative to the sphere during the

shock induced motion of the sphere.

For initial testing of each gauge design, we monitored
the accelerometer signal while the suspended sphere was impacted
by a hammer. Such a collision may be roughly modelled as the
collision of two elastic spheres. From an analytical treatment
of this impact by Hertz in 1881 (see Love,l927[6]

may estimate the duration of the impact t and the force at the

page 198), we

contact point of the spheres, F, as

T Vv 2.94 amax/v (3)
and
F = ka3/? (4)
where o = maximum value of u,
max
a = relative displacement of the centers of the

spheres
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Flow

Direction

B

Figure 6.

10mm
Damping Material
(RTV cr Biwax)

Accelerometer
Cable

Steel Shell
28.6 mm ID
57.2 mm CD

Internal design of sphere for initial lab tests
(RTV and Biwax) and for shock tube test 1 (Biwax
damping) . (All accelerometers used were Endevco
2264A-50KR.)
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v = velocity of impact

1/2

k= 4 [F1%2 1
, +
3 \F1tE (I1%15] (5)
r, = radius of sphere (i = 1 or 2)
- i1 2 2 .

I, = (1 vi) / (me; Pi(l 2v4)) (6)
Vi Z Poisson's ratio for material i

c, = compressional velocity in material i

py = density of material i
m, = mass of sphere i

For spheres made of the same metal, the maximum value of force,

F , 1s
max
3/2
- _ 6/5 3/5 _1/5 -2/5
Fax kamax =g v il r I (7)
- 4/5 2/5 _ -1/5 _2/5
where X ax h v m r I (8)

The numerical constants g and h depend on the relative sizes

of the spheres. 1If the spheres are identical,
g = 0.35 )ml = m,
= = {
h 1.8 srl r, (9)

and if one sphere is very large

g
h

0.61 )mz, r,, e
2.0 ‘ (10)

For steel, the material constant I is 1/(5.2 x 10" Pa).

As an example, if two identical spheres of radius 28.6 mm
impact at 1 m/s, the expected contact duration is 200 us
and the peak acceleration would be 9 x lO3 m/s2; for impact
of the sphere on a large steel plate, the duration is 220 us

. p
and the peak acceleration of the sphere is 1.6 x 10° m/s".
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Our initial lab tests with the new design of Figure 6§
were disappointing. Unfortunately, the exceptional elasticity
and ultrasonic transmission of this RTV made it a poor choice
for this application. As Figure 7 shows, a few tens of micro-
seconds after the impact test began, the accelerometer signal
showed severe ringing to peaks about = lO5 m/s2 at a dominant
frequency of about 220 kHz. This frequency is characteristic
of some modes of the steel sphere and also of the accelero-
meter's natural resonance. (The Pourier spectrum of the wave-

form is given in Figure 8).

As a more suitable damping material, we tried a poly-
urethane foam* around the accelerometer. Figure 9 and 10
demonstrate the much cleaner response of the foam damped
sphere to the laboratory test impacts. The duration, ampli-
tude and wave symmetry are plausiblein terms of the impact
theory given above. The phase of negative acceleration 1is
probably an indication of some relative motion of the acceler-

ometer with respect to the sphere.

Two spheres with Biwax damping were tested in the first
shock tube. Figure 11 shows the installation technigue. They
were located at ranges of 1.5 and 3.0 meters from the front
surface of the HE. Based on the TOA data for shock front
velocity, we calculate peak dynamic pressures of 126 MPa and
104 MPa for the two spheres respectively; the corresponding
accelerations arz 4.6 x 105 m/s2 and 3.8 x 105 m/s2 respec-

tively.

* The foam is Biwax 601 available from Biwax Corp., Des Plaines,
Tllinois. The mean density is 1.01 g/cm3; unconfined compres-
sive strength exceeds 30 bars (3 x 106 Pa); the Young's modulus
is of order 1 kbar (lO8 Pa). Waterways Experiment Station

(Day, 1978)[7]

seal ground motion gauge canisters.

personnel use this material to fill and water
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0.3 Meter Dia.

Accelerometer
Burke Tube cable
) L /
7
| d
Thin T
Wire S
Support
TO l
i —
HE
Sphere
t J

Figure 11. Mounting details of sphere in shock tube.
(S = 0.15m except 0.10m for test 2; L = 0.30m

for test 1, 0.46m for test 2, 0.61lm for test 4).

28

T — i } S A bt R ke e

LR H R

A = e

ot o N _
!‘.-;‘! —

e e rrgs
PO FPAGERAP O  Sigy N 0

.

D




Our observed initial peak accelerations, Figure 12 and
13, are lower and have risetimes of 15 to 20 us. The latter

feature may have been due to the damping material in which

the accelerometers were embedded. Combined with decay of the '

dynamic pressure behind the shock (at a rate several times

that of the static pressure, e.g., a 1l/e time of order 40 to

50 pus) this may explain the initial low response of our gauges.

S
Y

= e

A very obvious ringing at ~210 kHz (4.7 us period)
appears in the first sphere's signal at about 295 us. This
could be due to either oscillation of the sphere at one of
its natural frequencies and/or the resonance of the accelero-
meter. (Failure of the accelerometer or cable occurs with a
signal level of 3.5 x 105 m/s2 at 330 us. The unprotected 1
accelerometer cable entered the wall of the shock tube at a r
range of 1.80 m.) The shock front arrived at that point at i
about 314 us.) The calculated flow velocity at 1.5 m is 4.75 i !
mm/us. Thus we would expect arrival of the contact surface

at roughly 290 us. If no early venting of HE products occurred,

the mean density of the HE gases was about 150 kg/m3 (0.15
g/cm3) and the shocked air's density was 1l kg/m3. Using these
numbers, we would estimate a dynamic pressure of 1.7 GPa

(17 kbar) associated with the contact surface. Hence after

290 ys, we would expect that our dynamic pressure probe was

seriously overranged and the ringing may reflect this condi-

tion.

The signal from the second sphere is not so easy to

interpret. After the initial peak at 575 us, the record de-

creases to 1.4 x 10s m/s2 at 580 us, increases again to

5.6 x 105 m/s2 at 596 pys, a possible failure is evident at

. . 5
598 us, and the record continues to oscillate about 4 x 10
m/s2 until a complete failure at 632 us. Ringing of the
sphere is not obvious. For this gauge, we estimate a contact

surface arriving at about 625 ys with a dynamic pressure of

order 0.7 GPa (7 kbar) and arrival of the shock front at the
cable of 615 us.
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Figure 13.

Accelerometer signal for sphere at
3.0m on shock tube test 1.
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Because the spheres are intended for use at the frac-
tional kilobar (dynamic pressure) level, our subsequent experi-
ments used a "Gurney" plate (as described in Section 2.2) on
the HE to reduce the shock strength. In addition, we reduced
the amount of damping material under the accelerometer base
(Figure 14) in the sphere in an effort to improve the gauge's
response time. Figure 15 shows the acceleration signal for
the test sphere on the second shock tube shot. Unfortunately
a number of problems in the recording system left us with only
the initial 40 us of the data. However it is clear that the
amount of foam isolating the accelerometer from the sphere was
inadequate and severe ringing at a frequency of 0.2 MHz is
evident. Based on the TOA data, we expected a dynamic pres-
sure of 28 MPa (equivalent to 1.0 x lO5 m/s2 acceleration! at
this gauge. The observed mean is twice as large and the peak

excursions exceed 100 MPa.

OQur approach to the gauge design had been to isolate
the accelerometer from the natural ringing of the sphere. The
success of that approach was low. Thus we began an i1nvest:i-

gation of ways to damp the oscillations of the sphere.
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Figure 14. Internal desian of sphere for shock
tube test 2.
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Figure 15. Accelerometer signal for sphere at 1
3.0m range on shock tube shot 2.
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2.4 DAMPING OF THE SPHERE'S OSCILLATIONS

If the accelerometer were very small in size, it could
be located at the exact center of the sphere where the motions
due to various modes of oscillation have a node. However, the
finite size of the accelerometer (~10 mm) means that it can
respond to both radial and angular displacements associated
with the sphere's ringing. 1In order to damp the oscillations,
it is necessary to attenuate the acoustic waves as they propa-
gate through the sphere. Thus, we began a review of the sound

attenuation properties of materials.

The scientific literature and commercially available
products emphasize the frequency range of 0.1 to 10 kHz which
is relevant for noise control around people. For most materials,
the acoustic attenuation rate (per unit length of material) is
dependent on the ambient temperature, the frequency, the ampli-
tude of the wave, and its type (shear or compressional). (See
Ungar and Hatch, 1961[8]; Jones, 1972[9].) A few papers have con-
sidered the sonic transmission properties of polymers between
0.1 and 1 MHz. Generally, the attenuation increases with
frequency. (See Ivey, et al., 1949[101, and Auberger and Rinehart,

5
1961[111.) Nakamura, 1963(1“) reported an absorption coef-
ficient for polystyrene of

x(nepers/cm) ~ 7 x 107° gi-4 (11

where 1 neper* is 8.7 db and f is in kHz. At 400 kHz, McSkimin
and Andreatch, 1971[13] measured 0.07 neper/cm for lucite (PMMA)
and 0.6 neper/cm for epoxy foam. Folds, 1972[14] observed 0.2
neper/cm for polypropvlene and low density polvethylene at

599 kHz and suggested that the attenuation rate increases with

the thermal coefficient of sound velocity. The available data

*One neper corresponds to an attenuation bv a factcocr of e.
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suggest that at the 100 kHz range of interest to us, "good"
materials like polypropylene may offer absorption coefficients
of up to 2 db/cm.

Because of the low modulus and strength of polymers,
it would be impractical to have sufficient path length within
the sphere to utilize the absorption effect; i.e., the whole
sphere cannot be constructed from polypropylene, etc. Thus,
we turned to a relatively complex internal structure for the
gauge. A variety of materials were used to take advantage of
acoustic mismatches at boundaries. The initial configuration

is shown in Figure 16.

The accelerometer was mounted to a lead disk [speed of
scund 1.1 km/s, density 1.13 x lO4 kg/m3 (11.3 g/cm3)]. Under-
neath the lead disk and between the hemispheres, we used a
sheet of 1.3 mm thick sound damping material*. The top and sides
of the accelerometer were surrounded by Biwax foam. The

hemispheres were connected together with steel screws.

Figure 17 shows a typical record for a laboratory impact
test for this configuration. Clearly, the result is quite
unsatisfactory. The dominant late-time resonance at about
23 kHz disappears if nylon screws are used between the hemis-
pheres; however, severe ringing above 100 kHz remains. The
use of aluminum for the back hemisphere and GRS rubber or cork
in place of the "DYAD"” led to no significant changes. Improve-
ments did occur if (1) the back hemisphere was split in half (on
a Giameter) and cork or rubber sheet placed between the halves;
(2) slots were milled into the front hemisphere and filled with
the Biwax foam; (3) many small holes were drilled into the front
half from its equatorial plane and filled with Biwax; and (4}
the lead disk was fully surirounded by cork or rubber and thus
has no direct metal-to-metal contact with hemispheres. The
influence of all these changes is demonstrated in Figure 13,

which compares typical lab tests for two configurations.

*"DYAD 606," Soundcoat Co., Brooklyn, NY. This material is most
effective at acoustic frequencies.
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Lam

0.05" Thick Sound Dampening Sheet

Hole for Support Wire

Biwax

—————
Flow Accelerometer
e Cable
Direction o
—
Accelerometer

Steel Front
Hemisphere,
2.25" Dia.

with Cavity
for Lead Disk

\\\ Steel Back
Hemisphere
With 0.875" Dia x
0.5" Cavity for
Biwax and

L Disk,
ead Dis Accelerometer

1.28" Dia. x 0.375"

Figure 16. Internal design for "composite" sphere.
(Section view in plane parallel to flow.)
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LAB TEST OF NEW SPHERE DESIGN

-30020 L | J_ g l L i 1 L
5] 2.5E-94 S.0E-0O¢-
SECOMNDS
Figure 17. Example of lab test of sphere with initial
composite interior design.
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Figure 19 shows the final design of the spheres. Two
such gauges were prepared for the fourth shock tube experiment.
Lab impact tests for each sphere are shown in Figure 20, and

Figure 21 compares the Fourier spectra of the lab tests.

The raw data records for the fourth experiment are shown
in Figures 22 and 23. For sphere No. 1 at a range of 3.5 m*,
ringing at a frequency of 195 kHz is almost immediately evident

but not extreme in magnitude. The mean peak acceleration of
about 2.2 x 10°

m/s2 corresponds to a dynamic pressure of 310
bars (31 MPa) for the 0.35 kg mass spheres. The dynamic pres-
sure predicted by the TOA data is 26 MPa. This 20 percent
discrepancy does not seem serious in view of the simplified
assumption of steady flow around the sphere (discussed below)
and the fact that the measured static pressures are also 15 to
25 percent higher than predicted** (Table I). Severe ringing
with a peak-to-peak amplitude of over 6 x lO5 m/s2 begins at
1287 usec. This probably represents arrival of the contact
surface, i.e., the copper "Gurney" plate. An estimate for
contact arrival from the TOA data and strong shock relations
is 1.3 ms.

For sphere No. 2 at a range of 5.0 m, ringing at 191 kHz
is more significant but not fatal to the accelerometer. The
peak (mean) acceleration is also 2.2 x lO5 m/sz, equivalent to
31 MPa dynamic pressure. Severe ringing begins at 1905 us
which is consistent with the estimated time of arrival of the

copper plate.

*The length of the shock tube and the sphere ranges were
increased to give a longer time interval between shock
arrival and arrival of the copper "Gurney” plate.

**Both the static and dynamic pressures predicted from the TOA
data depend linearly on the ambient air density in the shock
tube. Using the weather conditions (80°F, 29.490 in Hg, 44%
relative humidity) revorted at the Miramar Air Station near
the Green Farm test site, we derived an ambient density of
1.16 mg/cm'. However, this shock tube had been buried in
the ground for over a month and it was possible that the air
in the tube was cooler and more nearly saturated. For example,
at 50°F (10°C}, the density would be about 1.24 mg/cm’, a 7%
lncrease. 40
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Extra Dampening Sheet

S1
ots Al
\
SECTION VIEW:
mas——
Flow
— __
Direction
— _ Aluminum
\ 3 Back Half,
Split in Two,
[ ’ Cork Between
Biwax Filled A parts
Cavities in Steel
F H
ront Half Nylon Bolts
Between Hemispheres
Biwax Filled Cavitites
END
VIEW OF
STEEL
HALF:
(2) 15mm Deep
Slots Milled
A Across Hemisphere
Flgure 19. Final design for "composite" sphere. (Only
major changes from Figure 16 are shown.)
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Figure 22. Accelerometer signal for sphere at 3.5m range
on shock tube test 4.
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Figure 23. Accelerometer signal for sphere at 5.0m range
; on shock tube test 4.




The spectra of these two signals {up until the plate
contact ringing) are shown in Figures 24 and 5. Since the
overall waveforms have risetimes of tens of microseconds, we
applied a 100 kHz low pass digital filter (Kaiser and Reed,
1977[15}) to both signals and plotted them on a common scale
with first motions coincident. Figure 26 shows zhis comparison.
While both spheres show a low level resonance at 65 kHz, there
are marked differences in risetime and decay duration at the
peak. The risetime for the sphere at 3.5 m is about 40 .s;
the maximum acceleration lasts for about 50 us. For the sprere

at 5.0 m, the risetime is about 25 iUs and vhe peak lasts for

less than 30 .s. These variations may be due to slight wvaria-
tions in the internal construction of the spheres. They might
also be associated with the non-planarity of the shock. At 2.5 m

range, the shock has traveled only 1ll1-1/2 tube diameters and
could still have had radial flow components due to the point
initiation of the HE (Wright, 1961(%6)y 15 addition, "initi-
ation" of the shock is not instantaneous; roughly 40 us are
needed to accelerate the copper "Gurney" plate to 95 percent of
its final velocity and its displacement during that time is

roughly 90 mm.

We also note that part of the observed risetime may not
be due to the internal construction of the sphere. Some time is
surely required after the shock first contacts the sphere for a
"steady" flow field to be set up around the sphere. 3Bryson and
Gross, 1960[17] ;

spheres at large Mach number (3) and Reynolds number (=8 x 10 ).

) show examples of shock fronts enveloning

Their data and analysis suggest that the front must move a

distance of one to two sphere diameters after first contact %o
establish the flow pattern around the sphere. For nur test,
the equivalent time interval would be 20 to 40 .. 5. During that

time, the drag force on the sphere is probably not constant.

At late times, the apparent dynamic pressure at the 3
second sphere (Figure 27) has <decaved %o about 7 MPa /7% bars).
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At 120 us after shock arrival, the dynamic pressure is down by
roughly a factor of two from the peak. Since the static pres-

sure (Figure 5) has even slightly increased at the same time,

the density of the shocked gas cannot be decreasing significantlvy.

Hence, the reduced dyvnamic pressure must be associated with a
~40 percent decrease in axial flow velocity. Perhaps expansion
of the shock tube walls has already made the flow significantly
two dimensional by that time.




2.5 CONCLUSIONS

We have demonstrated that an accelerometer instrumented
sphere can be designed so that resonances in the sphere do not
seriously compromise the quality of the signal nor the survival
of the accelerometer. Empirical evidence suggests that the
key to controlling the sphere's natural oscillations is to
give the sphere a nonuniform internal structure which elimi-

nates uniform paths for sound propagation in the sphere.

For supersonic flow behind a shock (static pressure
above 100 psi in air), the sphere could give dynamic pressure
data good to perhaps +£20% if the flow's duration is sufficiently T
long to establish a "uniform" flow field about the sphere. 1In
subsonic flow, the dynamic pressure measured by the sphere will
likely be a factor of 2 to 4 less than the actual dynamic pres-
sure; this is due to the reduced drag coefficient at low flow

velocities.

Additional laboratory experiments using impacts of the
sphere with another sphere (see Section 2.2) or a bar gauge
(see Appendix A) could lead to some improvements in the con-
struction of the gauge. However, the next significant step
would be to field the drag spheres on a large (many ton) HE
test to measure the flow behind the air shock and compare the

data with detailed code calculations.




SECTION III

APPLICATIONS OF BAR GAUGES TO AIRBLAST MEASUREMENTS

3.1 INTRODUCTION

For purposes of making measurements of the blast wave
due to a nuclear explosion in an underground cavity, bar
gauges (Coleman, 1979)[5] have several advantages. The
separation of the pressure transducer from the sensitive
end of the gauge introduces a useful time delay between the
prompt electrical noise induced by EMP and gamma radiation,
and the pressure signal. In addition, the transducer can be
located in the cavity wall and thus be better shielded from
the device.

Coleman, et al (1976)(18] considered several generic
packages for the bar gauge to measure static and stagnation
pressure in the blast flow. Kratz, et al (1978)[l] reported
on initial efforts to solve the practical problem of coupling
the pressure on the surface of a wedge (inclined at an angle
to the flow direction) to the bar which would be aligned
parallel to the flow.

We discuss below several possible configurations for
bar gauges to measure blast pressures. The results of initial
tests of these configurations in HE driven shock tubes are

given.

3.2 QUANTITIES OF INTEREST

In the flow behind a shock front, the three primary
quantities of interest are the static (i.e., thermal) pres-
sure and density of the gas and its flow velocity. The
static pressure, PS, {and shock velocity) are relatively

easy to measure. The gas density and flow velocity are
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relatively difficult to directly monitor in a non-laboratory
environment. The dynamic pressure, l/2pu2, may be measurable
with the drag sphere concept discussed in Section II. The
pressure measured on a small surface area normal to the £flow,
the stagnation pressure Pm, is readily detected in subsonic

flow. 1In supersonic flow, we have

(lil MZ)Y/Y—l

2
P /P =
m s 2y M2 Cy-1 1/v-1
y+1 y+1 (12)

where y is the ratio of specific heats for the shocked gas,
and M is the Mach number of the flow. Since the gas density
can be related to y, the stagnation pressure is also a
function of density and flow velocity. Finally, if the flow
1s brought to a stop over an extended area, the resulting
reflected pressure, Pr' can be monitored with relative ease;
Pr is also a function of static pressure, gas density and

flow velocity.

For example, in the second shock tube test of Section
2.2, the observed shock velocity of 2.88 mm/.s at a range
of 3.0 m implied a static pressure of 8.8 MPa (88 bars),
a dynamic pressure of 28.0 MPa, a stagnation pressure of
56.9 MPa, a reflected pressure of 76.0 MPa, a flow velocity
of 2.49 mm/us, a flow Mach number of 2.22, a speed of sound
in the shocked gas of 1.12 mm/us, a temperature ratio across
the shock front, Tl/To' of 11.9, a density ratio, :l/co, of
7.43 and a gamma of 1.29. By observing several guantities
such as shock velocity, and static, dynamic, stagnation and
reflected pressures, confidence in derived wvalues of density
and flow speed would be increased. In addition, nonideal
features like dust entrainment could be identified. We turn
now to the details of three bar gauge packages designed to

respond to reflected, stagnation and static pressure respectively

SeE,




3.3 REFLECTED PRESSURE BAR GAUGE

In order to measure the reflected pressure out in the
flow away from a large rigid boundary, it is necessary to
provide a region ahead of the bar gauge that confines the
flow to one direction. The 6.35 diameter x 25.4 mm long
(1/4 x 1) air column at the front end of the probe shown in
Figure 28 was an attempt to establish such a region. Once
the shock reaches the front end of the bar gauge, it should
set up a reflected shock that advances back towards the tip
of the probe. When the reflected shock reaches the tip, the
flow around the probe should become similar to that due to
stagnation on the surface of a small object in the air stream.
Information concerning this flow adjustment will then return
to the bar at roughly the speed of sound in the shocked

column.

This gauge was placed at the 3.0 m range on test 2.
Figures 29 and 30 show the measured signals. The few micro-
second initial rise time is appropriate for this gauge but
the stress level of 45 MPa is low compared to an expected
(from TOA data) reflected pressure of 76 MPa or even a
stagnation pressure of 57 MPa. Within about 8 us, the
observed pressure increased to 70 MPa and then decreased to
about 30 MPa after 30 us. About 5C us after apparent arrival,
the data jumped to over 200 MPa. The 305.4 mm long dump bar
led to a dump reflection feature 124 us after first arrival.
Since the gauge was calibrated per equation Al of Appendix A,
we believe the measured pressures are good to at least =10%.
However, the relation between the measured pressure and the
true flow pressures of interest is not clear. We estimate
from the TOA shock velocity that the reflected shock reached
the probe tip 50 us after first arrival and than an additional

20 us was needed for the flow readiustment to be felt by the

~)
o)
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bar gauge. The several kilobar pulse startinag at 9
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Figure 28. Reflected pressure bar gauge,
front end detail, section view.
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difficult to explain in terms of the flow. It is possible
that the pressures on the gauge case were sufficient to close
the nominal 0.003 inch gap between the case and bar; in that
case, drag on the case could be coupled to the bar and give
extreme pressure features. An even more serious problem is
the apparent arrival time of 922 us, 28 us before the shock
arrival given by the TOA pin, drag sphere and static bar
gauges all at the same range. We have no clear explanation
for this; either the gauge was misplaced at a range of about
2.92 m, or the shock front was not uniform in cross-section
or anomalous stress waves in the bar were introduced by

some feature of the gauge design. None of these possibilities

seem likely.

This gauge concept may have some value as part of a
suite of air blast instruments, but many details must be
resolved to have a viable instrument. Aside from the anomalies
evident from the shock tube test, it would be important to
evaluate the sensitivity of the gauge to misalignment with

the flow direction.

3.4 STAGNATION PRESSURE BAR GAUGE

Stagnation pressure is measured on the surface of a
small area aligned normal to the flow, see Fizure 31. Initial-
1y, the pressure on the area is the reflected pressure.
However, as the shock advances, a rarefaction wave moves in

from the perimeter of the area at the speed of sound of the

. 19

shocked air; see Butler (1966)[ ]. For our gauge, the rare-
faction should reach the bar axis within about 7 .s. The
measured pressure approaches the stagnation value Jduring %
that time interval.

This design was placed at a range of 3.7 m on the ‘ﬁ
third shock tube test. Fiqure 32 shows the observed signal.
The arrival time of 888 .s is in excellent ir2oment with the
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other TOA measurements. The few microsecond response time
>f the bar obscures the init

to stagnation pressure. The peak ores .
ing Jdue to dispersion in the bar) is 23 ¥MPa (850 bars) which
1s well above the 3% MPa predicted from the T0OA data. It
13 nossible that case contact with the bar could induce the
eXtra measured bar pressure. The overall shape of the

measured pulse is plausible.

Some straightforward changes in gauge construction
could eliminate the possible contact of case with the bar
siies. In particular, the 0.003 inch annular gap could ke
sreatly increased and the bar's end could rest against a
thin metallic diaphram attached to the case end. Such an

acproach was guite successful for the bar jauges
“he HYBLA GOLD event (Coleman and Krazz, 19793.[

used on
20}

3.5 STATIC PRESSURE PROBE

The classical technigue to measure static pressure in

rt

a flow field 1is to introduce a streamlined probe into the
stream and measure the pressure on its lateral surface.
The point of pressure measurement should be at least ten

probe diameters downstream from its tip. The surface of

3

the probe should be smooth in comparison to the thickness

of the boundary laver, \AX/u, where - is the kinematic
viscosity (1.5 X lO‘3 mz/s for air at STP), X 1s the ZIistance
Zrom the probe tip and 1 is the flow velocity. Anv ports or
other structural features connecting the pressure jauge to
the surface also should be small compared to the boundary

laver thickness.

AR
Kratz, et al \1978)[“ anvisioned the use »f 3 »isteon
mounted flush with the probe's surface and pushing on a small
reservior of mercury. The bar jauge, contained within the

probe along its axis, woulld have its sensitive ond “orm one




of the boundaries of the reservoir. Initial lab tests
indicated some problems with friction between the piston
and the probe case. In addition, the pistonr measures the
pressure on one surface only (for a wedge-like »nrobe) or
over only a small portion of the circumferential surface
(for a circular probe). If the probe is not perfectly

aligned with the flow, the measured pressure will be in error.

In an effort to eliminate some of these problems, we
pursued the cylindrical design shown in Figure 33. The
mer-cury reservolir was ported to the probe surface via eight
holes around the circumference; the objective was to get the
average pressure on the surface of the probe to the bar gauge
and thus reduce errors due to misalignment. A 0.025 mm
thick stainless steel diaphram capped the ports and eliminated

the use of discrete pistons.

This design was placed at a range of 3.0 m (to the
mercury ports) on the third shock tube test. Figure 34
displays the recorded signal. All other gauges at this runge
indicated shock arrival at 889 - 1 us. While this gauge
showed a feature at that time, the 2 MPa maximum was sma.l
compared to the 9.1 MPa level consistent with TOA data and
the side wall bar record at a range of 1.5 m (Figure 4).

The roughly 1 MPa signal that appeared about 20 .s before
shock arrival may be due to a pressure wave induced in the
probe case at its tip and propagated at the sonic velocity
of steel (5 x 103 m/s) to the reservoir. In principle, this
anomalous signal could appear up to 35 us before the shock

using the observed shock velocity of 2.96 mm/us.

After a time of 940 .s, the measured pressure JIid rise
to 6 MPa and may represent a reasonable ro2sronse %o the troe
static pressure., The severe excursion startind at 990 .3
may be due to contact of the probe case witli the Lar., A

dump reflection feature corresponding to *he risze 1t 20 4o
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is present at about 1055 us. '

This initial test of the probe was not encouraging.
With additional effort, the concept might prove workable.
In particular, it is possible that there was a small bubble
in the mercury which could explain the poor response to the
shock. Improved construction techniques should eliminate
that problem. The completed probe is difficult to test in
the lab. Some simple test equivalent to the drop ball system

(Appendix A) is needed. Coupling of sound through the lead-
ing portion of the probe into the reservoir must also be
eliminated. Finally, improved isolation of the bar's tip I

from the case might be possible if the bar gauge presses

against a diaphram that forms one boundary of the reservoir. '




SECTION 1V

INITIAL DEVELOPMENT OF A DYNAMIC SOIL STRENGTH GAUGE

4.1 INTRODUCTION

Soil strength 1s an important parameter in the calcula-
tions of cratering and of structure-medium-interaction (SMI).
There is a possibility that the explosion induced stress
pulse mav affect the strength of the surrounding soil. Pre-
shock and post~-shock strengths are often assumed to describe
the observed motions in cratering studies (Cherry, 1967[Zl];
Terhune, Stubbs and Cherry, 1970[22]). Since the stress pulse
passes through the medium well ahead of the main motions of
cratering or SMI, sufficient time may be available to make a
measurement of any change in soil strength. The choice, de-
sign, and construction of a gauge capable of measuring such
changes in soil strength would be of a great benefit in verify-
ing the validity of the assumed shock induced strength change.
The measurements of strength changes could then be used to im-

prove the modeling of a cratering event.

The soil strength gauge will be subjected to a unigue
environment. For a reusable gauge, it must be placed beyond
the true crater radius and be able to withstand the accelera-
tions and stresses characteristic of that point. The gauge
must also be able to continuocusly monitor the soil strength
before and after passage of the stress pulse. If the stress
gauge 1is sufficiently rugged it could be implaced within the
radius of the true crater, make real-time strength measure-
ments during the period of interest to modeling and be ex-

pended when ejected from the forming crater,




4.2

Presently there are three major methods for measuring

BACKGROUND

soil properties in-situ; the standard penetration test (SPT),

the vane test, and the cone penetration test.

The

standard penetration test (SPT; involves boring a

hole to some depth where the sampling spoon is placed. The

operator counts the number of blows of a falling hammer which

cause the spoon to penetrate one foot. The spoon, essentially i

a rod with

during the

to the effective angle of internal friction, ¢', for soil. P

a cavity in the tip, collects a sample of soil

test. The blow count can be related empirically

The effective angle of internal friction can also be esti- y

mated from

an intermediate parameter, the relative density

of the soil Dr' !

In the vane test the soil 1is penetrated by a rod. On

the end of

dicular.

the rod are four fins which are initially perpen-

The torque which causes the rod to turn is measured.

This torque is related directly to the undrained shear strength

2
of the soil, Suv (Mitchell, Guzikowski and Villet, 1978[ )

where

The

parameters

3]

= N (13)

maximum applied torque,
vane height,
vane diameter,

shear distribution factor (it depends on the
shear distribution along the top and bottom

of the failure cylinder created by the wvanes). !

cone penetration test relates the soil strength

to the load required to achieve penetration. Two
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types of cone penetration tests are commonly used: (1) the
dynamic test, (2) and the quasi-static and sometimes static
test.

The dynamic cone penetration test is very similar to
the SPT. The operator counts the number of blows of a fall-
ing hammer necessary for the cone to penetrate a certain
distance. The results are related to the soil strength

parameters by empirical methods.

The quasi-static and static tests measure the applied
load necessary to maintain a constant rate of penetration
(for the quasi-static test the rate is usually two centimeters
per second and for the static test the rate of penetration 1is :
much smaller, typlcally one centimeter per minute). The
"Dutch cone” design 1s the most common. 1In this design, the .
cone has an included angle of 60° with a base of unit area.
The cone 1s hydraulically propelled with the load measured
either mechanically or electrically. The load required to
cause penetration 1is the combination of the friction between
the rod and soil and the resistance of the soil to penetration
of the cone tip. Some designs measure these parameters
separately by utilizing a separate friction sleeve around the
rod. This friction sleeve is held stationary while the cone-

tipped rod penetrates a certain distance.

4.3 GAUGE DESIGN

The design of a soil strength gauge for crater modeling
must be considered in the context of fulfilling these neces-

sary requirements:

1) the gauge must continucusly monitor the soil
strength parameters before and after the
passage of the stress pulse,

2) The gauge should be reusable for crater radius
measurements (l.e., 1t should survive the 0.25
kbar peak stress and 1000 g peak acceleration
characteristic of the crater lip region as esti-
mated from MIDDLE GUST III data); and possibly
expendable for measurements made at less than
one crater radius,
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3) the gauge must be easily installed and recovered
with a minimum number of operational components
subject to airblast and throw-out.

The quasi-static and static cone penetration design

is capable of fulfilling these three requirements with less
effort than the other designs. The SPT, dynamic cone penetra-
tion test, and the vane test do not measure soil strength
parameters continuously, however, the guasi-static and static
cone penetration tests do. Also, it would be more difficult
to design a gauge that fulfills requirements two and three
based on the vane test design, SPT, or dynamic cone penetra-
tion design than it would be for a design based on the quasi-

static and static cone penetration test.

Several different approaches were possible for desian-
ing a soil strength gauge based on the guasi-sta%ic and
static cone penetration test. The gauge should penetrate
parallel to the ground motion vector in order to reduce the
vossibility of damage to the penetrating rod. Also, to
eliminate exposure to airblast and throw-out, the gauge can
be installed in a borehole. The depth of penetration should
be at least a borehole diameter so that the disturbed soil
adjacent to the hole does not contribute to the strength
measurement. With a vertical borehole the gauge would be
lowered to the required depth. Once positioned the soil
would be penetrated in a plane perpendicular to the axis of
the borehole. Figures 35 and 36 show two designs for a gauge
that could be dropped down a vertical borehole. Figure 35
1s a design for an electromechanical penetrator and Figure 36
i3 a design for a hydraulic penetrator. In either case, the
penetration resistance of the soil would be measured by a
load cell. Of the two, the hydraulic penetrator would be
less susceptible to lamage induced by the stress pulse. In
either case 1t would be difficult to design a gauge that
could penetrate beyond one borehole diameter. Telescopina
sections could be used but then the gauge would be more sensi-

tive to damadge from the stress pulse.
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The near horizontal borehole gauge would penetrate
the bottom of the hole (Figure 37). The depth of penetration
¢ would be limited only by the length of the body of the gauge.
| Once the gauge is positioned, the borehole would be backfilled

by grout to provide the necessary support for the gauge body.

The prototype soil strength gauge (Figure 38) utilizes
d the near horizontal downhole design. A standard Dukes model
0

WC 2512 hydraulic cylinder was modified to contain a PCB model
230A lcad cell in the penetrating rod. Also a 60° included
angle hardened steel cone tip was attached to the end of the

rod.

This gauge is capable of providing about 1 kXbar at the

cone tip. This is sufficient to penetrate all but the densest

[24] indicate that

of soils. Durgunoglu and Mitchell (1975)
the range of locads necessary for the penetration of various

sands is between 10 bars and 1 kbar.

Figure 39 shows the schematic layout of the penetrator
system. A constant volume hydraulic system is adjusted to
provide a flow such that the velocity of penetration 1is about
0.5 cm/sec. The four-way valve controls the operaticn oI the
soll strength gauge by controlling the flow of hydraulic £fluid
to and from the cylinder; forward, neutral and reverse are
vided. The pressure by-pass controls the maximum differential
pressure that can exist between the inlet and outlet of the

hydraulic cylinder.

Two different types of experiments were devised o test
the operation of this prototype soil strength jauge. In <ne
the interface between twc different strength 30ils would be nene-
trated while observing the load cell output. In the seccond, more
le

strength soil, which would then be subjected to a stress pulse

important experiment, the gauge would be installed :n 21 si

o3
W

simulating the environment of a cratering event. J3uch 21 stress

pulse can be approximated with a hicgh explosive shock sereratar.

~1
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Several experiments were necessary first tc determine
the proper shock generator design. Additional details concern-
ing the instrumentation for the strength gauge and these tests

are given in Appendix B.
4.4 DUAL STRENGTH GROUT TESTS

Variations in soil strength can be achieved by utiliz-

ing weak grout mixtures (small guantities of cement mixed with

sand). To simplify the formation of the test soil, pits were
dug in the existing medium and the grout was poured in. For
each pouring, standard test cylinder samples were taken. On

the morningof each experiment the respective test sample was
broken and the compressive strength of the grout was measured

by a testing laboratory.

For the two-strength grout interface penetration ex-
periment, the higher strength grout (1-1/2 sacks of cement
per vard of sand) was poured first and allowed to cure. The
dividing form was removed and the lower strength grout (one
sack per yard of sand) was poured with the soil strength
gauge cast in place. The gauge placement and pit dimensions

are given in Figure 40.

The grout pit was 68.6 cm wide and the soil strength
gauge was positioned centrally across the width. The back-up
piate, 30.5 cm square by 1.27 cm thick aluminum, was used to

provide additional support for the gauge body.

The higher strength grout in the interface penetration
experiment had a compressive strength of 29* bars, the value
for the lower strength grout was 1.0 bar. During penetration,
the lower strength grout block broke up. Insufficient re-
straint was provided by the back-up plate and <he surrounding

soil. This allowed movement to the soil strength zauge body

or
o
n
ct
T
phs
jou

*All these samples were poured on the same day ind
within an interval of three days.

77




A nonyragoundg Soraojul anody 13huniya—omy, “OF oanb1 g

cjudwraodng

obney

yahuoilg [1os
Jnoay noy 1
yibusays aoybry | // S oannay yibhusiys mor
1 o -y 7 o 1"— T
ed i " " aoe ., ° T,
22 0 o o - ol o N - " . . . N
s, 0 2o 57 n ;Ln I DAV doddn yorgy
o .
oQCJ:oA. OL <J3
. . MATA-BPIC
a.v
. " ~ A}
s
5 87 e
" .
e J< J;G ° JH@W%L ).HJJ 27
Jool L H 9 e B
.0 - o
» v, butpunoaing. .
2 A ~ ° ~ JJ))\, -
:u.JJ}a U TP
A s T s S ~ ” -
o 2 2 "9 . ”%°n <
y

spvor [rubts pue -
saurl orrneaply




)

d103eIauoh

Yoous Hi

oYl 103

*531s23 Joold
dnisas 3180y

b

Hnanb1 g

L) <
‘o Py %0 °

e ae 529198549 o .

“ag © SS9I3y 5 © %0 ol
o s < . © c

- 1708 SHRE AL s e
Joao « nnuao oo © %0 .

DL P e e w—— - k, ‘e o 0® «®. e« MDT OPIG
> Y he0oe . oaooeoaoo o e LA P1Ss
© o o - © L
c4 "o ® wo e e ¢ °° e
o o0 & . ;0 € ¢

N N ) el Ak T J. WOTPOW » o,
Y Co o cWOTTED st 17108 & ° 7« "
670 a0 00 U 4 ° 3 : 5T e
o o s o1%0 - 1 butpunoxang o -
e O h
° g% © ocoac ° - - e o«
° 2. " o o og Y 09 . ° c.eq abcoLaJn e e
¢W/DY 20T / \ =~
speaT 1eRUDIg
INOIH ™~ weog o1 .se
EUDCO.HUW - S 1d
10y TH

JH




and the higher strength grout block was only slightly pene-
trated. The effect of the gauge body movement was to prevent
observation of a change in load cell ocutput when the interface
was traversed. The priority of this experiment was low and

therefore it was not repeated.
4.5 TESTS OF THE SHOCK GENERALOR DESIGN

The choice of the proper HE shock generator design was '
based on experiments where a stress gauge (PCB model 109a),
cast into a grout pit, was subjected to a stress pulse gener-
ated from a high explosive driver. The orientation and posi-
tioning of the stress gauge, along with the HE shock generator,
1s 1llustrated in Figure 41. The cement and sand mixture was
the same as the higher strength grout in the interface pene- \
tration experiment. The stress gauge was positioned centrally '

with respect to the 91.4 cm width of the grout pit.

The initial HE shock generator was designed to provide
roughly a 20 MPa (0.2 kbar) peak stress at the gauge location.

The plastic foam (19.2 kg/M3) was used to reduce pressure and

to increase the pulse duration in the grout. To obtain the
desired peak stress, it was necessary to extrapolate data

taken several years ago at 53 from pressures of 100 MPa and
higher, reflected at the surface of thick metal plates. Many
conditions of the current setup differ from those of the earlier
experiments making the extrapolation more a guess. For the
first try, 19.2 kg/M3 density foam of 190 mm thickness was
used. Sheet explosive was cut into strips and cemented to a

6 mm fiberboard in a spaced array to reduce the average density
to one-half the density of the sheet high explosive (DuPont
Cc-2, 3100 g/m2 or 2 g/inz). The resulting charge was

1.55 kg/MZ. The sheet HE was cut in 12.7 mm wide strips

spaced with 12.7 mm gaps. The strips ran in the 91.4 cm width

direction of the grout block. An explosive train (header)

80




ran along one edge of the grout block and was detonated by a
boosted exploding bridgewire detonator set in the middle of
the header strip. The compressive strength of the grout sample

for this experiment was 29* bars.

The recorded stress pulse due to the HE shock driver
indicated a peak stress of ~ 0.03 kbar and a »~ 200 usec rise
time. This peak stress was an order of magnitude lower than
desired. Inspection of the grout block indicated that it was
undamaged and reusable. A second HE shock generator was con-

structed utilizing a sheet of C-4 explosive, 1.12 m by 1.42 m

(9.856 kg). This increased the mass of explosive by five
times. The compressive strength of the grout was again tested
prior to the experiment and was found to be 29* bars. The

soll strength gauge output indicated that failure of the trans-
ducer had occurred. Examination of the transducer, on removal

from the grout block, revealed that the leads had been sheared.
4.6 SHOCK TESTS OF THE STRENGTH GAUGE

The single strength grout, shocked medium experiments
were attempts at observing a change 1n soill strength due to
the passage of a stress pulse through the medium. The soil
strength gauge, accelerometer (on the soil strength gauge),
stress gauge and several TOA gauges were cast into a low
strength grout (1l-1/4 sacks of cement per yvard of sand mix).
An HE shock generator was detonated on the surface of the
grout during penetration by the soil strength gauge. The pit
dimensions and respective locations of the various components

are given in Figures 42, 43, and 44.

Four PZT piezoelectric TOA transducers were used 1in

the initial experiment to determine the shock velocity in the

ame day and tested
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grout medium. The acceleration of the soil strength yauge
was measured by an attached PCB (Model 305A02) accelercmeter.
The accelerometer and TOA's were positioned with a vertical
orientation.

The restraining structure was designed to prevent grout
block fracture due to gauge body forces and insufficient sup-
port from the surrounding soils. It consisted of four 3/4-10,
122 cm long all-thread rolls attached to the corners of 30.5
cm square by 1.27 cm aluminum plates. The rear of the soil
strength gauge was braced against one of the aluminum plates
with penetration parallel to the all-thread rods.

For the shocked-medium experiments, the HE in the shock
generator was reduced to a sheet of C-2, 0.965 m by 1.32 m
(3.952 kg). This was done since the grout block in the second
HE generator test underwent extensive damage due to the HE
shock.

Just prior to the first shocked-medium experiment, the
compressive strength of the grout was tested and found to be
15.8 bars. Several preliminary checks were made, one of
which involved penetrating the grout a small distance so that
proper operation of the load cell could be verified. The lcad
cell functioned normally. ©On initiation of the test sequence,

a wiring error in the HE shock generator prevented its opera-
tion. After the problem was corrected, the test was resumed

by restarting the cone penetrator and then, after a few seconds,
initiating the HE.

The load cell output (Figure 45) indicates that the
stress pulse passed through the grout at nearly the same tinme
that the gauge reached the end of its travel. The firs.: le-
crease in load cell output occurred at 5.1 seconds after the
start of penetration. It 1is believed that penetraticon of
the grou* ceased at this point with the level being determined

by residual loads exerted on the cone tip from the surrnoundina
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soil. The stress pulse passed through the grout 0.64 seconds
later causing a significant decrease in the observed load cell
output. The next decrease in the signal occurs when the power

to the hydraulic pump was shut off. This allowed a reverse

e

flow of hydraulic fluid relieving the differential pressure !

across the piston and reducing the signal to zero.

Useful information was nevertheless obtained from the .
stress gauge (Figure 46) and accelerometer (Figure 47) records.
A peak acceleration of lO3 g's was observed, which is an ac- e
ceptable value for a cratering event. The corresponding peak ;f

(J

stress amounted to about 60 bars, a factor of four low when é
compared to the desired optimum of J.25 kbar. i
"

The outputs from the TOA gauges indicated that the ’
shock velocity in the grout was roughly 300 m/sec, which is
similar to values obtained for the MIDDLE GUST III event at

shallow depths[25].

Since no determinaticon of a change in soil strenath
was made, the experiment was repeated. The gauges were re-
cast into a low strength grout which had the same mixtur
ratio as that In the previous experiment, 1-1,/4 sacks of

cement per yvard of mix. The only changes made with respect

to the location of gauges were (1) ToA 421 was installed in
g )
) !

three additional TOA gauges were installed at the surface of

(o8
o

the same plane and 6.35 cm from the stress cauge, an

the grout block directly over the major transducer clusters. e

On the day of the experiment, a grout sample was tested
for compressive strength, the result being 2.76 bars, which
13 much lower than the 15.8 bars from the previous experiment.

Incomplete mixing 1s the most likely source of the variation,

[P EVE IR I
S

[

91
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however, the lower compressive strength wis not expee

pe detrimental %o <% performance of the aexperiment.
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load cell operation. The experiment was completed with rec-

ords being obtained from all of the gauges. Examination of
the accelerometer output (Figure 48) revealed a peak accelera-
tion of 1000 g's. The peak stress (Figure 49) was 68 bars.
These values are very similar to those observed in the pre-
vious experiment. The reason for the different wave shapes

is not clear.

The TOA gauges show that the average velocity of the
shock, in the region of the soil strength gauge, was about
400 m/sec.

From the soil strength gauge output (Figure 30) we note
that prior to the start of penetration the gauge registered
a positive load. This was a result of the preliminary check
of the load cell operation. The penetration was controlled

by a four-way valve (Figure 39). The motion was stopped b

placing the valve in the neutral position. This stopped the
flow of fluid to and from the valve; therefore, a3 residual i
lecad was maintained on the cone tip by the surrounding crout.
It represented some static load below the bearing capacity

of the soil. Also, the very long time constant of the load

cell (~ 2000 sec) prevented any significant decay of the out-
put during the time between the preliminary check and actual

experiment (- 6 min).

Once penetration was started, the output rose smoothly
from 104 bars to 146 bars. At this point the stress pulse

passed through the soil and the resistance of the scoil to

penetration dropped to a minimum of ~ 20 bars. A time basc
expansion around this time region (Figure 51) shows that the
drop occurred about 3.52 msec after initiation of the HE driwver.
The gauge record increased from °~ 20 bars to 77 bars at which

time the power to the hydraulic pump was shut off.  As dis-

cussed earlier, this caused the output to drcp %o zZero.
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4.7 DISCUSSION OF RESULTS

The measured load from the strength gauge's load cell
may be related to the soil strength parameters through the
bearing capacity equation for shallow footings (Durgunoglu
and Mitchell, 1975 1241y,

g = NS * P9 B NYq qu (14)

where

d¢ = the resistance of the soil to penetration
(the measured load),

c = the apparent cohesive strength of the soil,

o = the mass density of the soil,

g = the acceleration of gravity,

B = the width of the base of the cone tip,

Nc'Nyg = the bearing capacity factors that are func-
tions of the angle of internal friction, depth
of penetration, and the lateral earth pres-
sure coefficient, K.

gC'EYg = the empirical shape factors for cones.

The lateral earth pressure coefficient, denoted by K, is a
multiplicative constant used to describe the lateral stress
on an unit volume of soil in terms of the vertical or normal
stress. K can be related to the angle of internal friction,
$, for some materials.

The Durgunoglu and Mitchell (1975)[24]

used to model the observed soil strength gauge record if the

theory can be

data are expressed as a function of the depth of penetration
rather than as a function of time. The rate of penetration*

was

V = 0.35 cm/sec.

*This measurement was for the unloaded cone in the lab at the
hydraulic fluid flow conditions used for the experiment.
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Therefore, the resistance to penetration of the grout, Qg 1
as a function of the depth of penetration is given by

dt (15)

The fully retracted length of the soil strength gauge was 1
v 6 cm and the preliminary check resulted in a penetration '
depth of v 3.4 cm; therefore, the initial depth of penetration
prior to the experiment was approximately 9.4 cm.

The pre-shock data for the grout consist of the pene-
tration resistance versus depth curve and the measured com-
pressive strength. The concept of a Mohr diagram (Figure 52)
provides an additional relation between the apparent cohesive

strength ¢, the compressive strength o, and the angle of

. [26] *
internal friction ¢ (Scott, 1963)
c = 3; l-sing
2 cosd (16)

For normally consolidated soils, Durgunoglu and Mitchell
(1975)[24] give the lateral earth pressure coefficient K as
a function of the angle of internal friction 4,

K

1l - sing (17)

With these assumptions, the pre-shock data then establish
values for ¢, ¢$ and K. See Table II.

For the post-shock data, all three of these parameters
were varied in an effort to match the measurements. One may
not assume that equation (19) holds, because the shock compressed
the grout. The lateral earth pressure coefficient may in fact
exceed 1 in the shocked medium. One also expects that the
shock reduced the apparent cohesive strength by breaking the
bonds between the cemented "soil" (grout) particles and by
increasing the pore pressure. The parameters listed in the
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Figure 52. Mohr representation of the compressive
strength.

o, = The compressive strength

f = The observed total stress at failure normal to the
failure plane

» = The angle of internal friction

c = The cohesive strength

v, = The shear strength of the soil
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TABLE II

THE PRE-SHOCK AND POST-SHOCK PARAMETER VALUES

Pre-Shock Post-Shock
$ (degrees) 39.2 40.0
Cohesive Strength 0.65 0.19
(bars)
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second column of Table II were found to be consistent with
the late-time, post-shock data. Figure 53 shows the comparison

between the observed data and the pre-shock and post-shock
models.

The poor agreement between the model and the data in
the immediate post-shock region may be a result of pore pres-

sure effects causing a larger decrease in resistance to

. i o v g e et

penetration than would be predicted, since the model does
not take pore pressure into account.

ey

AP W

b &

This modeling exercise implies that the reduction in
soil strength is due to the breaking of the bonds between
the cemented soil particles in addition to pore pressure

o

effects. This calculated decrease in the apparent cohesive
strength is by a factor of 3.4. Minor effects are indicated
in the apparent angle of internal friction and the lateral
earth pressure coefficient. The experiment was, however,
sufficient to suggest that the reduced soil strength due to

an HE induced shock is a measurable effect, with the developed
gauge able to withstand the environment of a simulated crater-

gonc. WO A

ing event. 1In order to improve the ~haracterization of the
soil response to a stress pulse, the pore water pressure
would have to be continuously measured during the experiment.
Also, samples of the pre-shock and post-shock soil should be
tested by the triaxial shear test to determine late time

changes in the cohesive strength and the angle of internal
friction.

e g o =1 1ot

93




“~candh

——— T N )

measured datz2 vs. curwve Fit caicgulaticn

w
o

N
\\
—\

Jd

Ay

o
w
) l I
‘\l
AN
N,
| ]

i

H

&

3
i
b
£
13
{
i
é
!.

32

Resistance Lo penctralion {bar)

v
(V1]
TTWTTWIII IIITITII1ITI

(Y]
-

rob—-
%)

m(

18

netraticon fem.

()
(1]
o
el
3
O
-
[4]
1

Figure 53. Comparison of Load Cell Output and Curve
Fit Points (The Solid Line is the Load
Cell Output and, @, are the Model Points)




V. THERMAL SENSOR

The radiation sensor is a design used by H. Kratz for
HYBLA FAIR (1975)[26]
front side of a metallic disk is expcsed to a transient thermal
source. By measuring the temperature of the back side (which
is thermally insulated), one may derive the time history of
the radiant energy flux incident on the instrument. See Fig-
ure 54 . The magnitude of the flux, its duration and the
desired time resolution of the instrument determine the material
and dimensions of the disk and the choice of a temperature sen-
sor. Two applications are of current interest. For one, a
nuclear environment, the peak flux is of order lO5 cal/(cmzsec)

[4x109 Watts/mz] with a few microseconds (or less) risetime

and other IlE-driven shock applications. The

and durations up to several hundred microseconds. For the
other situation, a thermal radiation simulator, the peak flux
is roughly lO7 Watts/m2 with durations of about one hundred

milliseconds and a desired sub-millisecond time resolution.

5.1 DESIGN CONSIDERATIONS FOR THE THERMAL RADIATION SENSOR

Consider a sheet of thickness a, density p(g/cm3),
specific heat capacity Cp(Joules/g°C), thermal conductivity

K(Joule/(cm-sec-°C), and melting temperature Ty-
is exposed to a mean flux F(Watts/cmz) for a time interval 2

-

One surface

The other surface is thermally insulated and its temperature

is measured with, for example, a platinum resistance "thermometer."
We wish to resolve changes in the flux on a time scale 1. To
ensure a good signal-to-noise ratio, we want the thermometer to

"see" a temperature change of 8T during the measurement.

If the exposed surface is not to melt, we must have

Fa Fa
—_ o+ < T .
pCa " 3K = M (18)

(Carslaw and Jaeger, 1959)[27]
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To achieve the desired response time, we must have

azpc
—_2r

,\' T L]

8K (19)
This constraint is based on the risetime of the thermometer
signal in response to a delta function pulse of thermal energy
deposited on the gauge's surface. The signal requirement means
that

(20)

i.e., this is the temperature change at the thermometer due to
the flux F. 1If the response time 1 is small compared to the

measurement interval A, equations ( ) and ( ) reduce to
FA
<
8T £ pCpa < TM . (21)

For a particular environment of interest (F and 1) and a par-
ticular material, equations ( ) and ( ) yield an allowable range

for the thickness a and the corresponding time resolution T.

Table III lists the properties of several candidate
materials along with values for the thickness a and a maximum

energy deposition FA for response times of 1 us and 1 ms based
on the use of the equations above. The signal reguirement,
equation ( ), leads to minimum values of FA that are a few
percent of the maximum values given, depending on the accuracy
of the thermometer.

Rinehart and Kratz (1970)[28] describe a gauge n»f this type

using 1 mil (2.5 x ].0-'3 cm) thick aluminum foil to get micro-

second response. However, for a nuclear environment of 4 x 105
Watts/cm2 lasting hundreds of microseconds, Table III.shows that

no material can meet a F4 product of 100 J/cm2. The use of a

3
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grey filter (i.e., wavelength independent) in front of the
instrument might reduce the actual flux incident on the foil

by a factor of ten. Tungsten might also be a worthwhile choice
for the gauge. Ultra-thin foils of tungsten are available in
thicknesses as low as 7 x 10'4 cm, but because of the possibil-
ity of oxidation of the hot tungsten, it would have to be used
in an inert atmosphere, in a vacuum, or with a protective over-

coating of a suitable material like sapphire.

For the simulation environment of interest, 7 is 1 milli-
second, F is lO3 Watts/cmz, A is 0.1 second and FA is 100 J/cmz.
Kratz used an 0.1 cm copper disk in a gauge for the HYBLA FAIR
event that would serve in this situation. However, the practical
problem of electrically isolating the thermometer from the cop-
per was severe. Table III suggests several alternatives. Again,
tungsten is attractive and since it can be more highly polished
than copper, it might work well. The electrical insulators
sapphire and silicon carbide are also possibilities for the
disk since they would eliminate the need for a separate insula-
tor under the thermometer element. The extensive use of sap-
phire in the semiconductor, optical and .laser industries has
reduced its cost and increased its availability in a variety
of shapes. However, the variation of specific heat C_ and
thermal conductivity K with temperature for sapphire and sili-
con carbide is likely to complicate use of these materials; for
example, between 0 and 100°C, the specific heat (and thus
sensitivity of a gauge) of silicon carbide changes by a factor
of 1.35. With a careful calibration of the gauge material,
this problem could be handled. The net effect would be that
the observed temperature signal would be a nonlinear function
of the fluence, FA. Reduction of the data would probably
require coordinated heat transport code calculations that

incorporated a temperature-~-dependent specific heat.
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If the thermometer must be electrically isolated from the i 3
gauge disk, several limitations should be met. The insulating i

layer must be thin enough that its thermal response time is =

small. Hence, we have

where b is the thickness of the layer and K',6p' and Cé refer to
its properties. This constraint is based on the time variation
of temperature on the back surface of a layer subjected to a
step function temperature change on its front surface. For
example, with sapphire a 1 us response reguires a thickness

of about 3 x 10_6

under 0.1 mm. If the insulating layer is too thin, dielectric

meters and 1 ms response requires b to be

breakdown is possible, especially in an underground test envir-
onment; also, parasitic capacitance between the resistance ele-
ment and the disk could adversely affect the electrical response

time of the gauge.
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APPENDIX A

B e s =

CALIBRATION OF BAR GAUGES a8

Before installation of a bar gauge into its protective
housing, it is calibrated to confirm good coupling between |
the bars and the pressure transducer. The response function
of the transducer is usually well known. For example, with
X cut quartz, the output is 22 nC/(kbar—cmz). However edge
effects and poor coupling to the bars can lead to reduced

e — o ——
PRy i e

output levels. With properly constructed gauges, the response
is typically at least 95% of the nominal value quoted above.

- v

A simple way to test a bar gauge is to mount it verti-
A cally and drop a small steel ball onto its end from a known
% height H. It is easy to photograph the rebound of the sphere
to a height H' (H'< H). If the gauge output voltage V(t) is '
: recorded, then conservation of momentum gives &
M(J/2gH + J2gH') = ak[vat (A1)

o

33 where M is the mass of the ball, g is the acceleration due to

gravity, A is the area of the bar, K is the desired gauge
3 sensitivity in units of pressure per volt and the integral is
| taken over the duration T of the ball-bar impact. In prin-

3 ciple,”K can be calculated from the nominal response of X cut

quartz, the area of the crystal and the loading capacitor
across which the crystal's charge is dumped. Typically, for
a steel sphere of mass 2.0 gm (3.9 mm radius) dropped from a
height of 130 mm onto a steel bar, the impact duration is
less than 30 ps and the rebound height is about 40 mm.

The top trace in Figure Al shows the signal due to the i
drop of a 5.56 mm diameter steel bearing from about 180 mm :
height onto a 6.35 mm diameter steel bar. The actual impact
is the pulse at about 0.1 ms. The relatively clean, flat
baseline after the pulse is an indication of the good coupling
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of the crystal to the bars and of the absence of constraints {]
along the surface of the bars. The near mirror image gquality
of the dump bar reflection at about 0.2 ms is also a good T
indication of gauge performance. Subsequent pulses are due tn
to reflections off the input bar's front end and alternately,
dump bar reflections. The bottom trace of Figure Al is the
computer calculated integral of the gauge's signal. The

"M"

square wave character of the integral is an equivalent measure
of the bar's performance.

The Hertz theory of impacting spheres (see Section 2.3)
may be used to estimate some details of the actual impact
stress pulse. Treating the sensitive end of the bar as part
of the surface of a sphere of infinite mass and radius (com-
pared to the drop ball), we find that the peak stress at the
ball-bar contact point is

e .mn.‘w S oW PPN W g A A S P o p M e

8 2/5
Tmax ¥ 2.3 x 107 pv (A2)

-

& e e

= g

where O max is in Pascals, o is the density of the ball and
bar (assumed equal, in g/cm3), v 1s the impact velocity of

the ball in m/s, and the numerical factor assumes a Poisson's

L

ratio of 0.3 and sonic velocity of 5 mm/us, typical of metals

such as steel and aluminum. At the instant of peak stress,

the area of contact between the ball and bar is {
3 .2 4/5

Amax n 8.5 x 10 r- v (A3)

— g i -

where Amax is in mm2 and the ball's radius r is in mm.

i Finally, the total duration of the collision is

TN 8 r/vl/S (A4)

where 1t is in microseconds. Note that this duration is usually
very long compared to the time required for a sound wave to
traverse a distance of two sphere diameters, i.e., a time of
about 0.8r (us).

109




For example, a drop height of 130 mm leads to an im-
pact velocity of 1.60 m/s. With a steel sphere of 3.9 mm
radius (2.0 gram mass), the estimated impact duration is 28
us, the peak stress is 2.2 GPa (22 kbar) and the mean stress
over a 6.35 mm diameter bar is 13 MPa (130 bars). 1In practice,
the observed pulse width is about 25 us and the peak measured
stress in the bar is 90 to 110 bars. One usually can see also

a small dimple on the end surface of the bar due to the impact.

This is consistent with the peak impact
compared to the roughly 4 kbar strength

the observed non-elastic rebound of the

If the duration of the impact is

stress being large
of the steel and with

sphere.

too short, the bar

gauge signal will show significant ringing after the impact
pulse; see, for example, the paper of Edwards, Davies and
Lawrence 1964[29L This is due to the high frequency content
of the impact pulse coupled with the dispersive propagation
for compressional waves of sufficiently high frequency. The
impact duration should be large compared to the period of the

ringing, i.e.,

11/3 2/3

T >> 0.3 R {us) (AS)

where 1 is the length and R is the radius of the input bar
(in millimeters); see Coleman (1979)[5].
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APPENDIX B i+

INSTRUMENTATION SUMMARY FOR SOIL STRENGTH GAUGE TESTS

The soil strength gauge was constructed from a standard
Dukes model WC 2512 hydraulic cylinder:

Bore: 6.35 cm
Stroke: 30.5 cm
Diameter of rod: 2.86 cm

Pressure rating: 34.0 MPa (5000 psi)
(6.41 cm2 cross sectional area)

The load cell was a standard PCB model 203a mounted in
the hydraulic cylinder rod. The cell was preloaded to 4450
Newtons compressive force through a beryllium copper mount-
ing stud. This was done to measure any tension exerted on
the rod during withdrawal from the soil.

The soil strength gauge with load cell installed was
calibrated by applying a known force to the cone tip. The

resulting curve was linear with the following value:
Calibration: 2.87 mv/bar + 7 percent.

The stress gauge used was a standard PCB model 109A
pressure transducer:

Calibration: 1.086 mv/bar

Range: 0 - 5.5 kbar

in the mounting shown in Figure Bl; this configuration was
used previously on the HARDPAN I-2B test series and the re-
sults were given in Kratz, et al (1973)_[lI
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The accelerometer was mounted into a tapped hole in the

front casting of the hydraulic cylinder. It was a PCB model
305A02:

Calibration: 0.0849 mv/g
Resonant frequency: 64.0 kHz
Range: 0 - 50,000 g's

Two types of Time of Arrival (TOA) transducers were

used, a shorting pin type and a PZT piezoelectric pressure
sensing type.
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